Human immunodeficiency virus (HIV)-related non-Hodgkin's lymphomas (HIV-NHL) are heterogeneous and associated with distinct molecular pathways. Analysis of immunoglobulin variable genes (IGV) may provide insights into the pathogenesis and histogenesis of HIV-NHL.
Introduction
Non-Hodgkin's lymphomas (NHL) are a major complication of human immunodeficiency virus (HIV) infection, and since 1985 have been recognized as an AIDS-defining illness. [1] [2] [3] Although the incidence of HIVrelated NHL (HIV-NHL) has diminished since the introduction of highly active antiretroviral therapy, NHL constitute an increasing proportion of AIDS-defining events diagnosed in recent years. 4, 5 The vast majority of HIV-NHL are clinically aggressive monoclonal B-cell lymphomas displaying distinctive clinical features, including widespread disease at presentation, poor prognosis and frequent involvement of extranodal sites. [1] [2] [3] The pathological spectrum of HIV-NHL includes systemic HIV-NHL, primary central nervous system lymphoma, primary effusion lymphoma, and plasmablastic lymphoma of the oral cavity. 6 Systemic HIV-NHL are histologically classified into HIV-related Burkitt/Burkitt-like lymphoma and HIVrelated diffuse large B-cell lymphoma. 6 The clinico-biological heterogeneity of HIV-NHL might reflect the presence of multiple pathogenetic pathways that have been only partially elucidated so far. 7, 8 Analysis of immunoglobulin variable genes (IGV) rearranged by HIV-NHL may provide insights into the mechanisms involved in the neoplastic transformation of B cells. A biased usage of immunoglobulin heavy chain variable genes (IGHV) and/or immunoglobulin light chain variable gene families or gene segments suggests restricted antigen/superantigen binding. Moreover, analysis of IGV mutational profile may provide information on the pressure imposed by the stimulating antigen on the expanding clone. [9] [10] [11] That antigen stimulation plays a critical role in the pathogenesis of HIV-NHL has been suggested by several observations. First, serum immunoglobulins exhibiting specificities for HIV-associated proteins and autoantigens have been isolated in HIV-positive patients with follicular hyperplasia and oligoclonal hypergammaglobulinemia. [12] [13] [14] Second, HIV gp120 is a natural ligand for a subset of IGHV3 genes and may act as a superantigen for IGHV3 expressing B cells. 15, 16 Finally, production of immunoglobulins with specificities for HIV-associated proteins and autoantigens has been observed in a number of HIV-NHL. [17] [18] [19] Evidence for a biased usage of IGHV genes in HIV-NHL is currently controversial, whereas the usage of IGV light chain genes in these lymphomas has not been explored. [20] [21] [22] [23] We, therefore, performed a comprehensive analysis exploring usage and mutational profile of IGV genes in a large panel of HIV-NHL representative of different clinico-pathological types.
Design and Methods

Patients and pathological specimens
Eighty-seven HIV-NHL specimens, collected from Caucasian HIV-infected patients, formed the basis of this study. Genomic DNA was isolated as previously reported. 24 Approval was obtained from the local Institutional Review Board and informed consent was provided according to the Declaration of Helsinki.
Amplification of IGV gene rearrangements
Rearrangements of IGHV and IGV light chain genes were amplified with family-specific primers that hybridize to sequences in the IGHV, IGV κ (IGKV) and λ (IGLV) leader, framework region (FR1) 1 or FR2 in conjunction with the corresponding IGHJ, IGKJ or IGLJ primers. 24 Polymerase chain reaction (PCR) was performed for 35 cycles (45 for paraffin-embedded biopsy specimens) with an annealing temperature of 60°C. Inactivation of the IGKV locus by rearrangements involving the kappa-deleting element was analyzed as previously reported.
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Sequencing and analysis of PCR products PCR products were directly sequenced with the ABI PRISM BigDye Terminator v1.1 Ready Reaction Cycle Sequencing Kit (Applied Biosystems, Milan, Italy) using the ABI PRISM ® 3100 Genetic Analyzer (Applied Biosystems).
Sequences were aligned to ImMunoGeneTics sequence directory (http://imgt.cines.fr/). The IGHD germline segment was assigned to the DNA stretch with the highest nucleotide homology, with a minimum of seven successive matches or eight matches interrupted by one mismatch. 26 IGHV complementarity determining region 3 (CDR3) length was determined as previously reported. 27 The length of IGKV and IGLV CDR3 was determined by counting the number of amino acids between position 88 at the end of FR3 and position 97 at the beginning of FR4 (a conserved phenylalanine in all J segments). IGV sequences have been submitted to the EMBL database, and accession numbers are listed in Online Supplementary Table S1.
Intraclonal analysis of IGV genes
Clonal IGHV rearrangements were amplified using the high-fidelity PfuTurbo DNA polymerase (Stratagene, La Jolla, CA, USA) and cloned into the pCR4-TOPO plasmid vector (Invitrogen, Milan, Italy). For each sample, at least 20 clones were sequenced and analyzed using Multiple Sequence Alignment Software. 28 For evaluation of ongoing somatic hypermutation of IGHV genes, only clones with identical or near identical CDR3 were considered. In our laboratory, the PfuTurbo DNA polymerase error rate was 0.01%, which amounts to about 0.04 mutations/IGHV clone. 24 The frequency of mutation in the tumor clones was compared to Taq error and statistical significance was assessed using the Student's t test. The following definitions were also used: unconfirmed mutationsmutations observed in only one clone; confirmed mutations -mutations observed in more than one clone.
Statistical analysis
The Statistical Product and Service Solutions (SPSS) software v.15.0 (Chicago, IL, USA) was used for statistical analyses. The normal B-cell repertoire was compared using previously published data on 206 IGHV, 
Analysis of viral infection, immunohistochemistry and in situ hybridization
Infection by EBV was investigated by EBER in situ hybridization and PCR analysis as previously reported. 24 
Results
Characteristics of the HIV-NHL panel
The HIV-NHL samples (n=87) included 55 cases of systemic HIV-NHL and, for comparative purposes, 32 HIV-primary central nervous system lymphomas. Based on the World Health Organization classification of hematopoietic tumors, 6 systemic HIV-NHL were histologically classified into Burkitt/Burkitt-like lymphomas (n=17) and HIV-diffuse large B-cell lymphomas (n= 38). Depending on the presence of immunoblastic features, HIV-diffuse large B-cell lymphomas were further distinguished into large non-cleaved cell/centroblastic lymphomas (n=22) and large cell immunoblastic plasmacytoid lymphomas (n=16). HIV-primary central nervous system lymphomas were represented by large non-cleaved cell/centroblastic lymphomas (n=7) and large cell immunoblastic plasmacytoid lymphomas (n=25). Representative histological pictures of the different lymphoma subtypes are shown in Figure 1 .
The median CD4 count at the time of diagnosis of lymphoma was significantly lower for HIV-primary central nervous lymphomas (36 Clonal EBV infection was detected in 62/87 (71.3%) cases, including 9/17 (52.9%) HIV-HIV-Burkitt/Burkittlike lymphomas, 21/37 (56.8%) systemic diffuse large B-cell lymphomas (7/22, 31.8% diffuse large B-cell lymphomas centroblastic and 14/16; 87.5% diffuse large Bcell lymphomas immunoblastic), and 32/32 (100%) HIV-primary central nervous system lymphomas.
Biased usage of IGHV genes in HIV-NHL
A clonal IGHV rearrangement could be identified in all 87 cases of HIV-NHL. A functional IGHV rearrangement was identified in 84/87 (96.6%) HIV-NHL. In three cases, represented by EBV-positive systemic diffuse large B-cell lymphoma with immunoblastic plasmacytoid features, a stop-codon was found within the originally productive IGHV rearrangement, leading to a crippled IGHV sequence.
The analysis of IGHV rearrangements showed evidence for positive and negative selection of specific IGHV families and IGHV genes in different clinicopathological groups of HIV-NHL (Table 1 and Figure 2 ). In particular a significant overrepresentation of the IGHV4 family (18/38; 47.4%; p=0.0044) and significant underrepresentation of the IGHV3 family (11/38, 28.9%; p=0.0047) were observed in systemic HIV-diffuse large B-cell lymphomas, when compared to the normal B-cell repertoire (25% and 54%, respectively). 29 Conversely, this bias was not observed in HIVBurkitt/Burkitt-like lymphomas and HIV-primary central nervous system lymphomas (Table 1) .
Overall, 13 genes represented 65% of the IGHV repertoire of HIV-NHL ( Figure 2 ). The IGHV genes most frequently rearranged in HIV-NHL were IGHV4-34 (14/87; 16.1%) and IGHV4-39 (6/87; 6.90%). When compared to the normal B-cell repertoire, 29 systemic HIV-diffuse large B-cell lymphomas used IGHV4-34 at a frequency significantly higher than expected (10/38; 26.3%; versus 5%; p=0.003). Biased usage of IGHV4-34 was not observed in HIV-Burkitt/Burkitt-like lymphomas (2/17; 11.8%; p=ns) or in HIV-primary central nervous lymphomas (2/32; 6.25%; p=ns). Regarding the IGHV3 family, the IGHV3-23 gene, which repre- sents more than 10% of all rearrangements found in the normal B-cell repertoire, 29 was totally absent in HIV-diffuse large B-cell lymphomas (0/38; p<0.001). The distribution of the IGLV and IGKV families rearranged in HIV-NHL differed from that in the normal B-cell repertoire. 30, 31 In particular, the IGLV6 family, represented by the single gene IGLV6-57, was positively selected in HIV-NHL (7/27; 25.9%) compared to the non-neoplastic B-cell repertoire (3.5%; p<0.001). 31 Five out of seven IGLV6-57 rearrangements of HIV-NHL clustered with HIV-primary central nervous system lymphomas. HIV-NHL also displayed a trend toward a biased usage of the IGLV3 family, occurring in 8/27 (29.6%) cases but in only 16% of normal B cells (p=0.07). 31 Usage of the IGLV1 family, though recurring in five cases of HIV-NHL, did not differ statistically from that in the normal B-cell repertoire. 31 The most frequently rearranged IGKV family was IGKV1 (11/22; 50.0%), followed by IGKV3 and IGKV4 (5/22; 22.7% each family). The frequency of IGKV4 family usage in HIV-NHL was higher than expected compared to the usage in the normal B-cell repertoire (5%; p=0.0012), 30 whereas the IGKV2 family was underrepresented in HIV-NHL (0/22) compared to in normal B cells (19%; p=0.024) . 30 When the distribution of individual IGKV genes was examined, IGKV4-1 was the most frequently rearranged IGKV gene in HIV-NHL (5/22, 22.7%), followed by IGKV1-5 and IGKV1-39/1D-39 (4/22; 18.2%, each gene). IGKV4-1 gene usage was significantly higher in HIV-NHL than in normal B cells (5%; p=0.0018).
Biased usage of immunoglobulin light chain variable genes in HIV-NHL
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Analysis of CDR3 in HIV-NHL
According to the criteria adopted, a precise IGHD family could be assigned to 68/87 (78.2%) IGHD segments. The most frequently rearranged IGHD family was IGHD3 (29/68; 42.6%), followed by IGHD2 (16/68; 23.5%) and IGHD6 (4/41; 14.6%). The most frequently rearranged IGHD segments were IGHD2-2 and IGHD3-10 (9/63, 14.3% each segment), followed by IGHD3-22 (8/63; 12.7%).
Use of IGHJ genes in HIV-NHL was consistent with that observed in normal B cells. 29, 34, 35 In particular, the most frequently rearranged IGHJ family was IGHJ4 (43/87; 49.4%), followed by IGHJ6 (19/87; 21.8%) and IGHJ2 (8/87; 9.20%).
Among HIV-NHL with a productive IGKV or IGLV rearrangement, the distribution of IGKJ segments was consistent with that found in normal B cells. 30 Conversely, evidence for positive and negative selection was noted for specific IGLJ segments. 31 In particular, the IGLJ2/3 families were positively selected in HIV-NHL (21/27; 77.8%) compared to in non-neoplastic B cells (39%; p<0.001), whereas the IGLJ7 family was negatively selected in HIV-NHL (6/27; 22.2%) compared to in non-neoplastic B-cells (54%; p<0.001).
The mean length of the IGHV CDR3 was 12.8±5.86 codons for IGHV, 10.4±0.87 for IGLV, and 9.22±0.67 for IGKV rearrangements. The mean lengths of IGHV, IGKV and IGLV CDR3 did not differ significantly among the clinico-pathological types of HIV-NHL. Table 2 ) rearranged the IGHV1-18 gene and had highly similar IGHV CDR3 amino acid sequences, differing only by conservative substitutions. The IGLV6-57 CDR3 sequence of both these IGHV1-18 HIV-primary central nervous system lymphomas was characterized by the presence of one basic amino acid (an arginine in case 26 and a lysine in case 81), which was not observed in the other IGLV6-57 cases.
Analysis of mutational profile of IGV genes in HIV-NHL
Somatic hypermutation of IGHV genes was detected in 81/87 (93.1%) cases of HIV-NHL. Unmutated cases were restricted to six HIV-primary central nervous system lymphomas with large cell immunoblastic plasmacytoid morphology. Among mutated cases, the average mutation frequency was 8.96±5.43% (median 7.19; range, 2.00-23.6%) for IGHV; 5.49±2.98% (median 5.00; range, 1.71-11.7%) for IGLV; and 5.01±2.69% (median 3.59; range, 2.10-11.6%) for IGKV rearrangements. The mutation frequency was comparable among the different clinico-pathological categories of HIV-NHL and no differences were observed between EBV-positive and EBV-negative cases (data not shown).
The distribution of mutations was analyzed using binomial and multinomial distribution models on all HIV-NHL carrying functionally rearranged and somatically mutated IGHV genes. A lower than expected number of replacement mutations in the FR was observed in 48 
Analysis of ongoing somatic hypermutation of IGHV genes
Intraclonal variation of IGHV genes was assessed by extensive molecular cloning of 15 IGHV gene isolates derived from 15 different HIV-NHL specimens, including four HIV-Burkitt/Burkitt-like lymphomas, seven systemic HIV-diffuse large B-cell lymphomas, and four HIV-primary central nervous system lymphomas. In all cases, the clonal IGHV sequence had been previously established by direct DNA sequencing of the PCR product. In 13/15 (86.7%) HIV-NHL, the clonal IGHV isolates did not show intraclonal heterogeneity, indicating absence of ongoing IGHV mutations (Table 3) . Conversely, evidence of ongoing somatic hypermutation was detected in 1/4 HIV-Burkitt/Burkitt-like lymphomas and in 1/7 HIV-diffuse large B-cell lymphomas with centroblastic morphology (Table 3) . show that the naïve B-cell repertoire is similar in these patients to that in HIV-negative controls. Conversely, the pool of non-neoplastic, activated/memory B cells of HIV-positive patients displays reduced usage of the IGHV3 family. [36] [37] [38] [39] [40] [41] In particular, the depletion of IGHV3 B cells is directly correlated to the reduction of the CD4 count and/or to viral load. 16, 39, 42 The reduction of IGHV3 B cells mainly involves the IGHV3-23 and IGHV3-30/3-30.5 genes that directly bind HIV gp120, and may be accompanied by an increase in the relative representation of IGHV4 B-cells. 41, 42 Our results, compared to published data, may explain, at least in part, the underrepresentation of the most commonly used IGHV3 genes in HIV-diffuse large B-cell lymphoma, and suggest that a subset of HIV-diffuse large B-cell lymphomas, but not of HIV-Burkitt/Burkitt-like lymphomas or HIV-primary central nervous system lymphomas, may derive from activated, post-germinal center, IGHV3-depleted B cells. A biased usage of the IGHV4-34 gene occurs in systemic HIV-diffuse large B-cell lymphomas, but not in HIV-Burkitt/Burkitt-like lymphomas or HIV-primary central nervous system lymphomas. The high prevalence of IGHV4-34 that we detected in systemic HIVdiffuse large B-cell lymphomas may suggest a specific role for an autoreactive antigen/superantigen that drives the growth of these lymphomas. This hypothesis is corroborated by the observation that IGHV4-34 encoded antibodies are intrinsically autoreactive. [43] [44] [45] In healthy individuals, IGHV4-34 cells are predominantly expressed and expanded in the naïve B-cell repertoire, but are underrepresented in the germinal center and memory compartments, probably because these cells are prevented from differentiating into antibody-producing plama cells. 44 However, in the context of immune dysregulation and HIV infection, censoring of IGHV4-34 B cells may be bypassed and lymphoproliferative disorders expressing the IGHV4-34 genes might be favored. 46 In HIV-primary central nervous system lymphomas, we failed to detect a prevalence of IGHV4-34, which, conversely, is frequently utilized by HIV-negative primary central nervous system lymphomas. 47 Our data are in agreement with those of a previous study that reported no biased usage of IGHV families in HIV-primary central nervous system lymphomas. 22 The difference between IGHV4-34 usage in HIV-primary central nervous system lymphomas and non-HIV related cases supports the concept that HIV-related and HIV-unrelated primary central nervous system lymphomas represent separate disease entities with distinct pathogeneses. On the other hand, we observed a biased usage of the IGLV6-57 gene among HIV-primary central nervous system lymphomas. Notably, two HIV-primary central nervous system lymphomas expressing the IGLV6-57 gene also used the same IGHV1-18 gene and their CDR3 displayed a high degree of identity. These data provide the first documentation of B-cell receptor restriction in this category of lymphoma. Evidence of B-cell receptor restriction in B-cell malignancies has been reported for B-cell chronic lymphocytic leukemia and hepatitis C virus-related lymphomas associated with autoimmune disorders, and is regarded as a proof of B-cell stimulation and selection by a common antigen in lymphomagenesis. 48, 49 In the context of the pathogenesis of primary central nervous system lymphomas, antigens of the central nervous system microenvironment might favor the expansion of lymphomas bearing particular B-cell receptor features recognizing such molecules.
Discussion
The role of antigen stimulation in the pathogenesis of most HIV-NHL is further supported by a mutational profile consistent with a tendency to maintain antigen binding and antigen selection in more than 50% of IGV-mutated HIV-NHL. These features are at variance with those observed in other lymphomas associated with immunodeficiency, namely post-transplant lymphoproliferative disorders, whose molecular features suggest a minor role for antigen stimulation. 24, 50, 51 In particular, the different role exerted by B-cell receptor stimulation in the pathogenesis of HIV-NHL and posttransplant lymphoproliferative disorders is indicated by the presence of IGV inactivation by crippling mutations introduced by somatic hypermutation in nearly a quarter of post-transplant lymphoproliferative disorders, 24, 50, 51 whereas crippling mutations of IGV rearrangements are a very rare finding among HIV-NHL (3%; this study). Interestingly, each case of HIV-NHL carrying IGV inactivation by crippling mutations was positive for EBV infection of the tumor clone. This is reminiscent of the situation observed in classical Hodgkin's lymphomas, in which all cases with destructive mutations in IGV genes were found to be EBV-positive. 52 Also, EBV infection is found in many post-transplant lymphoproliferative disorders with crippled IGV genes. 24, 50, 51 Overall, these observations support a central role of EBV in the pathogenesis of lymphomas with impaired B-cell receptor.
Our results show that over 90% of HIV-NHL have highly mutated IGV genes. These data are in agreement with previous observations, and support the notion that HIV-NHL originate from B cells that have persistently experienced the germinal center reaction. 18, [20] [21] [22] [23] 53 Because ongoing somatic hypermutation of IGV genes is a rare event in HIV-NHL (as shown by this study and Delecluse et al. 21 and Bellan et al. 53 ), conceivably both HIV-Burkitt/Burkitt-like lymphomas and HIV-diffuse large B-cell lymphomas, regardless of EBV infection status, are histogenetically related to B cells that have terminated the germinal center reaction.
In this study, HIV-NHL devoid of somatic hypermutation were restricted to a fraction of HIV-primary central nervous system lymphomas with large cell immunoblastic plasmacytoid morphology. HIV-diffuse large Bcell lymphomas with unmutated IGHV genes have also been reported in a previous study, suggesting that the origin of these HIV-NHL subsets can be traced to naïve B cells that have not experienced the germinal center reaction and microenvironment. 21 Because both HIV-primary central nervous system lymphomas with large cell immunoblastic plasmacytoid morphology and plasmablastic lymphomas of the oral cavity express wellestablished markers of post-germinal center B cells, 8 these findings indicate that this fraction of HIV-NHL devoid of somatic hypermutation may represent the transformation of B cells experiencing a preterminal differentiation independent of the germinal center reaction.
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